Summary. In this paper we discuss several methods to solve large real-world instances of the vehicle and crew scheduling problem. Although there has been an increased attention to integrated approaches for solving such problems in the literature, currently only small or mediumsized instances can be solved by such approaches. Therefore, large instances should be split into several smaller ones, which can be solved by an integrated approach, or the sequential approach, i.e., first vehicle scheduling and afterwards crew scheduling, is applied.
Introduction
In the literature on vehicle and crew scheduling, not much attention has been paid to the problem of splitting up large instances into several smaller ones such that a good overall solution is obtained. Algorithms are developed to solve a certain problem, either optimally or heuristically, and they are tested on self made problem instances, or on (small) instances from practice which the algorithm can still solve. If a realworld instance has to be solved and it seems to be too large for the algorithm to solve it, the problem is just split up into several smaller instances, the algorithm is used to solve those smaller instances and the results are combined such that there is an overall solution. This solution is then feasible, but of course, even if the algorithm itself provides an optimal solution, optimality for the overall problem is likely to be lost. The way the instance has been divided up is almost never an issue in the literature. However, different divisions can result in completely different final outcomes; one splitting can result in a much better solution than another one. Therefore, the instances are mostly divided according to some logical rules.
For example, in the field of crew scheduling, Fores et al. (2001) describe this problem. In 1998, they subdivided a large instance of ScotRail into two smaller instances according to a geographic division. Since this resulted in some strange outcomes, several tasks were exchanged between the different divisions. After several days of trial and error, they found a reasonable splitting of the instance such that the optimal solutions of both smaller instances seemed to give a reasonable overall solution. In 2000, they were able to solve the large instance optimally. They checked the performance of the splitting and indeed the optimal solution of the complete instance was the same as the solution which they obtained by splitting up the instance several years before. Haghani et al. (2003) describe a comparative analysis of different approaches to solve large-scale vehicle scheduling problems with route time constraints. This can be seen as a special case of the integrated vehicle and crew scheduling problem, namely where a duty exactly coincides with a vehicle and the only constraint is a maximum duty length. They compared several approaches on a large real-world instance in Baltimore which consists of multiple depots. Since they could not solve this problem exactly, they considered three approaches. The first approach (see also Haghani and Banihashemi (2002) ) used CPLEX to solve a reduced problem instance, i.e., several variables in the large IP were just omitted. In the second and third approach, they solved several smaller, single-depot instances with an exact algorithm. The difference between both approaches is the way in which the problem is split up. One is based on the current solution of the public transport company, the other on the outcome of the first approach. They showed that this last approach outperformed the first one.
For the integrated vehicle and crew scheduling problem only small and mediumsized instances have been solved (see, e.g., Huisman et al. (2005) ). Therefore, we try to answer the following questions in this paper.
1. How can large instances be split up into several smaller ones such that applying an integrated approach on those instances can be done in a reasonable computation time? 2. Does such a splitting approach outperform the sequential approach when the latter is used to solve the large instance at once? 3. Does it outperform the integrated approach when this is terminated after a certain computation time?
Furthermore, we compare different ways of splitting the problem and we give some results on several real-world instances from Connexxion. Finally, we use these ideas to find a solution for large problem instances which we could not solve before with an integrated approach.
The paper is organized as follows. In Section 2, we describe the integrated vehicle and crew scheduling problem and summarize a mathematical formulation and algorithm for this problem, which we introduced in an earlier paper (Huisman et al. (2005) ). We discuss several splitting approaches in Section 3. Finally, a computational study is provided in Section 4.
